PURPOSE. Delayed rod-mediated dark adaptation (DA) is characteristic of early age-related macular degeneration (AMD) and also can be observed in some older adults in normal macular health. We examine cross-sectional associations between rod-mediated DA and risk factors for AMD in older adults in normal macular health.
can lead to slowing in the rate of rhodopsin regeneration and recovery of light sensitivity after light exposure. 26 Cones have alternative sources of vitamin A through the retinal vasculature, that is, Müller cells, and cone-selective retinoid targeting mechanisms. 27, 28 Thus, they may be less impacted by a BrM/ RPE nutritional barrier, unlike rods that derive vitamin A preferentially from the RPE. We previously have provided data consistent with this nutritional barrier/retinoid deficiency hypothesis in that the rate of rod-mediated dark adaptation in older adults with normal retinal health or AMD became more rapid after a 30-day course of high-dose retinol. 12 Other potential contributing factors to slowed dark adaptation in early AMD include genetic alterations in vitamin A metabolism 29 or age-and disease-related deficits in pathways within RPE that remain to be characterized. 30 However, regardless of the precise mechanisms underlying slowed rod-mediated dark adaptation in early AMD, it has been established clearly as a functional deficit present in the earliest phases of AMD.
A critical question that remains unanswered is whether rodmediated dark adaptation impairment precedes the development of early AMD as defined by the historical gold standard definition of AMD based on color fundus photography grading systems. 31 Does rod-mediated dark adaptation impairment appear before AMD is clinically visible in images obtained by this imaging modality? Previous research has shown that some older adults with a normal macular appearance have rodmediated dark adaptation delays that are more excessive than their age-mates. 32 Could this rod-mediated dark adaptation delay be a signal that AMD is developing in these older adults even though it is invisible in the fundus? This hypothesis is attractive because the topography of rod loss in aging, that is, in central macula, 33 matches well the topography of lipid-rich drusen, basal linear deposit, and prebasal linear deposit in aging and early AMD. 34, 35 This is a practical question for several reasons. If rod-mediated dark adaptation impairment does precede widely accepted clinical signs of the disease, then its assessment would have potential as a diagnostic biomarker for the earliest emergence of the disease, could be used to identify persons at high-risk for early AMD for targeted enrollment in clinical trials for new candidate treatments, and/or could serve as an outcome measure in clinical trials evaluating preventive treatments or treatments targeted at arresting the progression of early AMD. This question also is important, since it focuses on the factors (e.g., medical, biological, functional, lifestyle) that foster a transition from normal chorioretinal aging to disease.
The Alabama Study on Early Age-Related Macular Degeneration (ALSTAR) is a prospective cohort study funded by the National Institute on Aging designed to address the question of whether slowed rod-mediated dark adaptation in adults recruited with normal macular health at baseline is associated with the incident development of AMD three years later. In ALSTAR, normal macular health, and AMD presence and severity were determined by the grading of color fundus photographs using an AMD severity scale, the current goldstandard for identifying the disease in clinical research. In addition to measuring rod-mediated dark adaptation, we also assessed several health and functional characteristics that may increase the risk of AMD (i.e., smoking, heavy alcohol use, inflammatory markers, apolipoproteins, low-luminance visual acuity, chronic medical conditions of aging, body mass index, family history). 18, [36] [37] [38] [39] [40] [41] [42] [43] We report key aspects of the baseline data that address whether previously reported risk factors for AMD are related to rod-mediated dark adaptation impairment in older adults in normal macular health. Associations among biomarkers or risk factors for AMD in older adults absent of the disease could inform biological and epidemiological models on the transition of normal retinal aging to early AMD.
METHODS

Subjects
This study was approved by the Institutional Review Board of the University of Alabama at Birmingham (UAB) and followed the tenets of the Declaration of Helsinki. Participants were recruited from two primary care ophthalmology practices in the Callahan Eye Hospital at UAB. Eligibility criteria were as follows:
1. Age ‡ 60 years; 2. Normal macular health in both eyes as determined by 3field digital stereo-fundus photos (450 Plus camera; Carl Zeiss Meditec, Dublin, CA, USA) graded by an experienced grader who was masked to all other study variables and who used the 9-step Age-Related Eye Disease Study (AREDS) classification system. 31 Photographers were certified by the AREDS2 coordinating center. For entrance to the study, the grade in each eye had to be grade 1 in the AREDS 9-step classification system, 31 The baseline visit consisted of the following assessments after the informed consent process was completed. Through interviewer-administered questionnaires, demographic information (age, sex, race, education completed), smoking status, 44 and alcohol use 45 were collected. In addition, general health was assessed by asking about the presence or absence of 15 chronic medical conditions, which used the format of ''Has a doctor ever told you that you have . . ..''. 46 General cognitive status was estimated through the Mini-Mental State Examination (MMSE). 47 Participants were asked about whether they were aware of any family history of AMD among first-degree relatives (defined as a parent, sibling, or child).
Best-corrected visual acuity for each eye was assessed via the Electronic Visual Acuity tester (EVA) 48 under photopic conditions (100 cd/m 2 ) and expressed as the logarithm of the minimum angle resolvable (logMAR). Low luminance visual acuity also was assessed using the EVA for each eye with participants viewing letters through a 1.5 log unit neutral density filter, a method described by Sunness et al., 39 which reduced background luminance to 3.16 cd/m 2 . To determine how much logMAR decreased by the lower light level compared to the photopic (100 cd/m 2 ) assessment, we defined a drop in visual acuity by the increase in logMAR and by the number of lines on the Early Treatment of Diabetic Retinopathy Study (ETDRS) chart ''lost'' when acuity was measured under lower luminance. 39 Contrast sensitivity for each eye was estimated by the Pelli-Robson chart 49 with mean luminance of 100 cd/m 2 , the letter-by-letter scoring method, 50 and expressed as logarithm of sensitivity. Height (cm) and weight (kg) were measured so that body mass index (BMI) could be computed.
Dark adaptation was measured in only one eye in each participant because of time constraints in the protocol and the high likelihood that both eyes have similar dark adaptation characteristics. 16 The eye with better visual acuity Abnormal Rod-Mediated Dark Adaptation IOVS j August 2014 j Vol. 55 j No. 8 j 4777
was selected for testing. Dark adaptation was measured psychophysically using the AdaptDx (MacuLogix, Hummelstown, PA, USA), a computer-automated dark adaptometer described previously. 7, 15, 16, 51 Before testing, the eye was dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride so that a pupil diameter of ‡6 mm was achieved. Trial lenses were added for the 30 cm viewing distance if needed to correct for optical blur. The fellow eye was occluded with an opaque patch. The participant placed his/her head in the forehead-chinrest of the adaptometer. An infrared camera positioned behind the fixation light displayed the eye on a monitor viewed by the examiner, who facilitated the positioning of the participant's test eye to the red fixation light using a reticule displayed on the eye's image. The procedure began with a photo-bleach exposure to a flash (0.25 ms duration, 58,000 scotopic cd/m 2 s intensity; equivalent~83% bleach) while the participant was focused on the fixation light. This bleach has been shown to be sufficiently intense to generate impaired dark adaptation parameters in early AMD patients using a 20-minute duration test protocol. 51 The photo-bleach flash, subtending 48, was centered at 58 on the inferior vertical meridian (i.e., superior to the fovea on the retina) which also was the test target's position for measuring light sensitivity. Threshold measurement for a 28 diameter, 500-nm circular target began 15 seconds after bleach offset. During threshold measurement, the participant was instructed always to maintain fixation on the red fixation light and to press a response button when a flashing target first became visible within the bleached area. Threshold was estimated using a three-down/one-up modified staircase estimate procedure described previously, 51 and continued at 30-second intervals for 20 minutes. Log thresholds were expressed as sensitivity in decibel (dB) units as a function of time from bleach offset. The speed of dark adaptation was characterized by the rod intercept value. The rod intercept is defined as the duration required for sensitivity to recover to a criterion sensitivity value of 5.0 3 10 À3 scotopic cd/m 2 (3.0 log units of attenuation of the stimulus). 51 The criterion sensitivity level is located in the latter half of the second component of rod recovery. 26 An increase in the rod intercept is caused by a slowing of the second component of rod-mediated dark adaptation and, thus, a rightward shift of the dark adaptation function. Impaired dark adaptation was defined as a rod-intercept of ‡12.3 minutes. 51 Blood (4-8 mL) was collected by phlebotomy at the baseline visit and the resultant heparinized plasma collected for analysis. Plasma concentrations of apolipoprotein (apo) B and apo A-I, the major protein constituents of low (LDL) and high (HDL) density lipoprotein, respectively, were measured at Northwest Lipid Laboratory (Seattle, WA, USA) using an automated standardized immunoturbidimetric method calibrated against fresh pools of human plasma and commercial calibrators. 52, 53 Complement proteins (C3, C4, C5) and their respective activation fragments (C3a, C4a, C5a) were quantitated by protein-specific ELISAs using the manufacturers' protocols (C3 from Immunology Consultants Laboratory, Portland, OR, USA; C4 and C5 from Abcam, Cambridge, UK; C3a, C4a, and C5a from Quidel Corporation, San Diego, CA, USA). The concentration of C-reactive protein (CRP) was measured by ELISA as described previously. 54 
Statistical Analysis
To compare continuous and categorical variables for those with normal and abnormal dark adaptation, Student's t-tests and v 2 tests were used, respectively. Wilcoxon rank-sum tests were used to compare medians when continuous variables were not normally distributed. Logistic regression was used to calculate crude and age-adjusted odds ratios (OR) and 95% confidence intervals (CI). Statistical significance was defined as P < 0.05 (2-tailed). Table 1 provides baseline demographic information for participants. Approximately 96% were white, with most of the balance African American. Participants ranged in age from 60 to 88 years; two-thirds were in their 60s and almost onethird in their 70s, with the rest in their 80s. Approximately two-thirds of the sample was female. The mean rod-intercept for the entire sample (N ¼ 381) was 11.1 minutes (SD 5.7). A total of 299 participants (78%) had normal dark adaptation (normal DA) and 82 (22%) had abnormal dark adaptation (abnormal DA). Mean rod-intercept for those with normal versus abnormal DA was 9.1 (SD 1.5) and 18.3 (SD 8.6) minutes, respectively. Figure 1 illustrates two participants whose digital color fundus photos indicate normal macular health, but one has normal DA and the other has abnormal DA as defined by the rod-intercept.
RESULTS
Tables 2 to 4 compare descriptive information on how the health and functioning variables collected in our protocol differ between those who have abnormal versus normal DA. Those with abnormal DA were more likely to be older, less educated, and female ( Table 2 ). There was no difference between the groups in terms of smoking status. Those who had normal DA were more likely to report using alcohol in the past year compared to those with abnormal DA (P ¼ 0.0033). This association was examined further in terms of number of reported alcohol drinks per week. Those who had normal DA were more likely to be moderate drinkers and those who had abnormal DA were more likely to report abstaining from alcohol (P ¼ 0.047). With respect to general health, there was a marginally significant relationship between those with abnormal DA and a greater number of chronic medical conditions (P ¼ 0.051). A history of high blood pressure and hearing problems were more likely to be present among those with abnormal DA. Having had cancer was more likely to be reported by those with normal DA. The MMSE scores were similarly distributed in both groups. No participant had an MMSE < 24, which is the accepted cut-point for cognitive impairment in older adults. Whether there was a family history of AMD did not differ for those with abnormal versus normal DA. Table 3 presents blood chemistry variables for the abnormal and normal DA groups. The CRP values for those with abnormal DA were significantly higher than those with normal DA (P ¼ 0.0074), mainly due to a decreased percentage of persons with abnormal DA in the lowest CRP quartile (Fig. 2) . Complement components were all in the normal to high normal range, and there was no difference in the levels of any complement components between normal DA and abnormal DA groups. Apo-AI and Apo-B values were not significantly different between the groups. Visual acuity was on average excellent in both groups, averaging better than 20/20, and did not differ between groups (Table 4 ). Low luminance visual acuity was worse on average in those with abnormal DA, but this difference was not statistically significant (P ¼ 0.11). Persons with abnormal DA had on average a 0.35 logMAR drop in visual acuity under low luminance conditions (compared to high luminance conditions) and those with normal DA had a slightly smaller logMAR drop of 0.32 (P ¼ 0.0053). Contrast sensitivity tended to be slightly worse in the abnormal DA group (P ¼ 0.0027).
Those participants in their 70s and 80s were more likely to have abnormal DA compared to those in their 60s (for the 70s, OR ¼ 4.39; 95% CI, 2.60-7.43; P < 0.0001 and for the 80s, OR ¼ 5.89; 95% CI, 1.70-20.45; P ¼ 0.0053). Table 5 displays the crude and age-adjusted ORs between abnormal DA and demographic, lifestyle, and chronic medical characteristics. Focusing on the age-adjusted associations, we found that females and those with less education were more likely to have abnormal DA. Smoking status was unrelated to abnormal DA. Those with abnormal DA were 59% less likely to report using alcohol in the past year, with further analysis indicating that this association was mediated by their being less likely to be moderate drinkers and more likely to be abstainers or heavy drinkers ( Fig. 3 ). With respect to chronic medical conditions, after age-adjustment, those with abnormal DA had a 68% increased odds of having high blood pressure, and 64% decreased odds of having a history of cancer. Those with * Abstainers were defined as those who reported drinking no alcohol in the past year. Among those who reported drinking in the past year, light drinking was defined as less than one drink per week, moderate drinking was defined as one to seven drinks per week for women and 1 to 14 drinks per week for men, and heavy drinking was defined as eight or more drinks per week for women and 15 or more drinks per week for men.
† Data are missing for seven participants, since they declined having their weight measured. abnormal DA were 1.6 times more likely to have hearing impairments although this finding did not reach statistical significance (P ¼ 0.086).
As summarized in Table 6 , compared to persons with normal DA, those having abnormal DA were 3 to 4 times more likely to have a higher CRP value (i.e., in the second, third, and fourth quartiles) and were approximately 2.5 times more likely to have a C3 value in the highest quartile. With respect to visual function (Table 7) , those with a drop in visual acuity under low luminance of >3 lines to 4 lines and >4 lines were 2.9 and 1.8 times, respectively, more likely to have abnormal DA compared to those with normal DA, though a drop of >4 lines was not statistically significant. Impaired contrast sensitivity (Pelli-Robson score worse than 1.6) was associated with a 70% increased odds of having abnormal DA, although this finding did not reach statistical significance (P ¼ 0.064).
DISCUSSION
In this study, approximately one-quarter of older adults with normal macular health as defined by a widely accepted AMD grading scale nevertheless had abnormal rod-mediated DA. The prevalence of abnormal DA increased with increasing age. Since our sample was a clinic-based sample, this prevalence estimate is not population-based, yet it does illustrate that abnormalities in rod-mediated DA are not uncommon among older adults with normal fundus appearance seeking primary eye care.
As discussed earlier, it is well established that scotopic dysfunction, including slowed rod-mediated DA, is observed commonly in laboratory studies on early and intermediate AMD, [1] [2] [3] [4] [5] [6] [7] 15, 16 and patients' subjective reports on questionnaires vision problems under low luminance [8] [9] [10] [11] [12] are consonant with the laboratory findings. The goal of this investigation was to examine to what extent previously identified risk factors and biomarkers for AMD are associated with delayed rod-mediated dark adaptation in older adults free of this disease. One of our most prominent findings is that those with abnormal DA are 3 to 4 times more likely to have elevated plasma CRP levels compared to those with normal DA. Previous epidemiologic research has indicated that elevated CRP is an independent risk factor for AMD and its progression, 37, 55, 56 and it may be a marker of early oxidative stress. 57 Furthermore, those with abnormal DA were 2.5 times more likely to have elevations in the complement protein C3, which is linked genetically to risk for AMD. 58 Interestingly, although C3 and CRP were elevated in participants with abnormal DA, and CRP can activate complement, 59 the activation fragment C3a was not elevated, consistent with the concept of aging as a state of parainflammation 60 (inflammation-preparedness). Both CRP and C3 are acute phase proteins synthesized by hepatocytes. 61, 62 C3 is also expressed by chorioretinal cells. 63, 64 C-reactive protein appears in choroidal vascular endothelium of normal aged eyes. [64] [65] [66] Of importance to outer retinal barrier function, which is probed by dark adaptometry, CRP immunoreactivity in BrM of aged eyes is low, 66 even though cholesterol, a prominent CRP binding partner 67, 68 is abundant in this tissue. 69 It is possible that higher plasma CRP levels may drive its deposition in the choroid, or that low-level inflammation in the choroid may raise CRP levels specifically there, with consequences for outer retinal function. Independent assessments of choroidal health, perhaps through optical coherence tomography imaging 70 and RPE health, through assessment of fundus autofluorescence, may be informative in answering this question.
Our analyses indicated that persons who reported abstaining from alcohol use or were heavy users were more likely to have abnormal DA, whereas those who were moderate drinkers were more likely to have normal DA. The literature on alcohol and dark adaptation is scarce. Previous research has addressed the acute effects of alcohol on dark adaptation 71 and dark adaptation in persons with alcoholism, 72 but there has been little to no attention to how different levels of alcohol use over extended periods of time (e.g., light, moderate, heavy drinkers, or abstainers) impact dark adaptation. Thus, there is little empirical framework for interpreting our findings. With respect to the abstainers' elevated risk for DA impairment, one might argue that these persons are abstainers because they are more likely to have significant medical comorbidities, and, thus, their frailer health is mediating the association between alcohol abstention and impaired DA. However, we further adjusted the analysis for the potentially confounding effects of high blood pressure, cancer, urinary problems, and hearing impairment, and the association between abstainers (adjusted OR ¼ 2.82; CI, 1.37-5.80) and those who consumed >14 drinks per week (adjusted OR ¼ 3.15; CI, 0.90-11.06) with abnormal DA persisted. Chronic, heavy alcohol use has been associated with increased risk for early and late AMD. 43, 73 The biological mechanisms underlying this risk remain unclear, although the neurotoxic properties of alcohol have led to speculation that oxidative stress or damage to the mechanisms protecting against oxidative stress contribute to AMD pathogenesis. 73 To what extent slowed rod-mediated DA can be attributed to these mechanisms in chronic, heavy drinkers also is unknown.
The J-shaped relationship in Figure 2 between alcohol use and abnormal DA is reminiscent of findings in the cardiovascular literature suggesting a reduction in coronary heart disease risk with moderate consumption of alcohol. 74, 75 Alcohol use also is associated with CRP values in a similar fashion, 76, 77 which raises the question as to whether alcohol use and CRP are independently associated with abnormal dark FIGURE 3 . Adjusted ORs and 95% CIs describing the association between various levels of alcohol use and abnormal DA. The reference consists of those who reported that they drink but did not drink in the previous week. Abstainers and those who drink more than 14 drinks per week were more likely to display abnormal DA (see also Those with abnormal DA were more likely to have a greater drop in visual acuity under low luminance (mesopic) conditions compared to those with normal DA. This association persisted after further adjusting for intraocular lens status. At first glance, one could surmise that this association may represent the two tests' common reliance on rod photorecep- Participants with high blood pressure were more likely to have abnormal rod-mediated DA. To our knowledge, there have been no previous reports on this relationship. If replicable, further research should explore potential retinal and vascular mechanisms underlying this relationship, including the role of antihypertensive medications in any observed association. Previous research suggests that high blood pressure moderately elevates the risk for AMD. 78 We also observed an association between hearing impairment and abnormal DA, with hearing impairment increasing the odds of abnormal DA by 65% (although this finding was of borderline statistical significance). Many previous studies, including those assessing hearing and vision status psychophysically and by self-report, 79, 80 have noted the common co-occurrence of hearing and vision impairment in older adults; such findings are attributed usually to shared risk factors or a generalized biological aging of the central nervous system. 79, 81 In the vast majority of these studies, vision was measured by assessing visual acuity; there have been no previous reports on hearing's relationship to DA. Hearing impairment also has been reported to be a risk factor for AMD. 82, 83 Those persons with a self-reported history of cancer were more likely to have normal DA, a finding that is puzzling. Compared to those without cancer, participants with a history of cancer were older, more likely to have a history of arthritis and chronic pulmonary disease, and had lower C3a values and higher C4a values. However, after adjusting for these potential confounders, the association between cancer (OR ¼ 0.29; CI, 0.13-0.63) and abnormal DA remained statistically significant.
Future research may resolve whether this is a spurious or replicable finding.
Those with normal versus abnormal DA had similar levels of apo B and apo A-I. This finding parallels previous studies that have shown similar distributions of plasma lipids in early AMD and normal controls, 84 and are consistent with the concept that lipoproteins involved in extracellular lipid deposition in BrM and drusen are produced within the eye. 64, [85] [86] [87] It is interesting that we have established that those older adults in normal macular health, regardless of their DA status, have similar levels of these serum-based apolipoproteins.
Strength and limitations of this study must be considered. To our knowledge, this is the first study to examine crosssectional relationships between rod-mediated DA, an established functional risk factor for AMD, and a comprehensive assortment of risk factors for AMD. The sample size of older adults in normal macular health according to the traditional gold standard definition is very large compared to most previous studies on functional characteristics of older adults in normal macular health. A weakness is that our analyses in this study are focused on cross-sectional analyses of risk factors; however, it is important to recognize that ALSTAR is a prospective study with a repeat assessment at a three-year follow-up visit of most of the variables, including AMD presence and severity. In addition, the present study did not include analysis of other factors believed to be relevant in AMD pathogenesis (e.g., dietary intake, macular pigment density, subretinal pathology that might be revealed through optical coherence tomography imaging, genetic factors). However, ALSTAR included the collection of these data with analyses still ongoing with reports forthcoming. We did collect data on smoking status, an established risk factor for AMD. However, we did not find it related to abnormal DA in persons with normal macular health. Prospective data from ALSTAR may clarify the relationship between smoking, DA, and AMD incidence. However, the low representation of current smokers in our sample (approximately 6%) may hamper our ability to address this issue properly. The presence of chronic medical conditions in older adults was assessed by self-report, not medical evaluation. However, self-report has been deter- mined to be a valid and reliable source of information on most chronic medical conditions. 88, 89 Another, perhaps more important, consideration is whether any lack of agreement is likely to be systematically different between those with and without impaired DA. This is highly unlikely given that the study participants were unaware of their quantitative DA findings at the time they enrolled in the study. Also, it is unlikely they were aware of any associations between these conditions and any DA problems they may have been experiencing. The vast majority of the sample was white so generalizability of our findings to other ethnic/racial groups remains to be determined. This study has several implications for future research on AMD. It has established that a common functional accompaniment of early AMD, slowed rod-mediated DA, is not unusual among older adults who are in presumptive normal macular health, at least according to a widely accepted definition of disease presence. Clinical trials focused on evaluating AMD prevention strategies might consider rod-mediated DA as a practically efficient screening strategy for identifying candidates for clinical trial enrollment. Our study has demonstrated further that slowing in rod-mediated DA in older adults in normal macular health is associated with a panoply of known risk factors for AMD and its progression, including advanced age, plasma CRP levels, heavy alcohol use or abstention, hypertension, and perhaps hearing problems. These associations can potentially inform the development of epidemiological models of disease causation, provide guidance for basic biological investigations on early AMD pathogenesis, and ultimately may contribute toward an improved understanding about how normal retinal aging transitions into early AMD.
